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SECTION 1 
INTRODUCTION 
T h i s  is the  t h i r d  s u m m a r y  r e p o r t  i s s u e d  on C o n t r a c t  NAS 8-5030.  
It c o v e r s  w o r k  done f r o m  15 F e b r u a r y  1965 t o  15 F e b r u a r y  1966. 
T h e  w o r k  d e s c r i b e d  in  th i s  r e p o r t  was  under taken  t o  obtain the  
e x p e r i m e n t a l  and theo re t i ca l  in format ion  n e c e s s a r y  to  des ign  and  f a b r i -  
c a t e  p r a c t i c a l  s o l i d - s t a t e  op t ica l  he te rodyne  d e t e c t o r s  which d i sp lay  
c u r r e n t  ga in .  
The  theo re t i ca l  w o r k  w a s  d i r e c t e d  p r i m a r i l y  toward  de te rmin ing  
the  e f f ec t  of c u r r e n t  mul t ip l ica t ion  on diode bandwidth.  In p a r t i c u l a r ,  
the  l a r g e  inf luence of the r a t i o  of the e l e c t r o n  ionizat ion coeff ic ient  t o  
the  hole  ionizat ion coeff ic ient  on the  va r i a t ion  of bandwidth with mul t i -  
p l ica t ion  is examined .  P r e s e n t  knowledge of the e x c e s s  no i se  a s s o c i a t e d  
with c u r r e n t  mult ipl icat ion i s  also s u m m a r i z e d ,  and  aga in ,  the  i m p o r -  
tant  inf luence of the r a t i o  of the e l e c t r o n  ionizat ion coeff ic ient  to  the  hole  
ion iza t ion  coeff ic ient  is emphas ized .  
T h e  e x p e r i m e n t a l  w o r k  was  d i r e c t e d  toward  obtaining the  l a r g e s t  
poss ib l e  c u r r e n t  ga in  in  InAs photodiodes,  whose  s p e c t r a l  r e s p o n s e  is 
m o s t  su i t ab le  f o r  u s e  with lasers in  the  3 - m i c r o n  reg ion .  
S o m e  a t t e m p t s  to  c o r r e l a t e  r?..rterial qual i ty  with diode p e r f o r m a n c e  
a r e  d i s c u s s e d ,  and a t t e m p t s  t o  obtain a s a t i s f a c t o r y  g u a r d - r i n g  s t r u c t u r e  
a r e  r ev iewed .  F ina l ly ,  the  cons t ruc t ion  and tes t ing  of a group of 16 
d iodes  of the  mesa type is d e s c r i b e d .  
o f - t h e - a r t  a t  the  c l o s e  of the c o n t r a c t  pe r iod .  
mul t ip l ica t ion  of the o r d e r  of 10 at 10 vol t s  r e v e r s e  b i a s .  
f r e q u e n c i e s  of the  diodes r ange  f r o m  0 .  3 t o  1. 7 GHz f o r  diode a r e a s  in  the  
r a n g e  f r o m  2 . 4  t o  10 x 10-4,,2. 
T h e s e  diodes r e p r e s e n t  t h e  s t a t e -  
The  RC cutoff 
The  d iodes  show a c u r r e n t  
1 
. 
SECTION 2 
TECHNICAL DISCUSSION 
2 . 1  THEORETICAL WORK 
2.  1. 1 Noise  in  Avalanching Photodiodes 
The  u s e  of avalanche multiplication as a poss ib le  m e a n s  of 
r a i s ing  the s igna l -power  leve l  a t  the output of a photodiode was  s u g -  
g e s t e d  in  F e b r u a r y  1964. 
and  m e a s u r e m e n t s  indicated,  2,  
mult iply both the s igna l  and the noise power  l eve l s  equally.  
o r  no l o s s  of s igna l - to-noise  r a t i o  at the diode output t e r m i n a l s  w a s  
expec ted ,  and t h e  dev ice  a p p e a r e d  to b e  a so l id - s t a t e  analog of the photo- 
mul t ip l i e r .  M o r e  recent ly ,  R .  J. McIntyre has  ca l led  at tent ion t o  a c a l -  
culat ion by T a g e r , 4  which indicates  tha t  the noise  power wi l l  in s o m e  
c a s e s  i n c r e a s e  f a s t e r  than the signal power in  the so l id - s t a t e  device ,  
and  h a s  p e r f o r m e d  an independent calculation with the same conclusion. 5 ,  6 
S o m e  e x p e r i m e n t a l  confirmation of this  conclusion h a s  been  r e p o r t e d .  7 
F o r  s o m e  time t h e r e a f t e r  it w a s  thought, 
T h u s ,  little 
that the  avalanche p r o c e s s  would 
McIn ty re ' s  r e s u l t s  show that the var ia t ion  of the diode m e a n -  
s q u a r e  noise  c u r r e n t  with multiplication depends on the r a t io ,  a/P, of the 
e l e c t r o n  and hole ionization coefficients.  T o  obtain the  limits of th i s  v a r i a -  
t ion,  cons ide r  the e x p r e s s i o n  7 
2 
In = 2 q A f  [ 21p(0) m2 (0) t 21n(L) m2  (L) - I m 2  (L) 
T 
0 0 
T h e  junction limits a re  0 and  L,  g(x) is the  volume p a i r  gene ra t ion  r a t e  
at the  point X,  Ip(0) a n d  I,(L) a r e  the hole and  e l e c t r o n  c u r r e n t s  being 
injected into the junction at x = 0 and x = L respec t ive ly ,  I is the m u l t i -  
7 pl ied e l e c t r o n  c u r r e n t ,  and  m ( x )  is  a mult ipl icat ion function defined by 
X 
exp  [ (a - P) dx'] 
m(x) = _ _ _  - _ _ _  - - _ _ _  
1 - S L P  exp [ 6'" ( a - P )  dx" dx i 0 
2 
Consider  two l imit ing c a s e s  p / a  = 1 and P / a  = 0.  T h e r e  is no need  
to  c o n s i d e r  t he  r ange  1 5  p / a  < m, s ince  the equations a r e  s y m m e t r i c  in 
a and p ,  and th is  r a n g e  f o r  P / a  t h e r e f o r e  c o r r e s p o n d s  t o  the r a n g e  0 to  1 
f o r  a / P .  Any a s y m m e t r y  introduced by the boundary  conditions c a n  l ike-  
w i s e  b e  inver ted  by changing construct ion of the diode s o  tha t  ( for  example )  
the n region is i l luminated ins tead  of the p region.  In th i s  d i scuss ion ,  i t  
wi l l  b e  a s s u m e d  tha t  P < a.  
2. 1. 1. 1 C a s e  1 
P a r t i c u l a r l y  s i m p l e  r e su l t s  a r e  obtained when a = p .  In this  
c a s e  m is not a function of x ,  and is 
L -1 
m = [l - ! p  a dx 
0 
Subst i tut ing this  e x p r e s s i o n  f o r  m in Equation (1) yields  
w h e r e  I is the mult ipl ied photocurrent ,  given by 
It fol lows tha t  
3 2 IN = 2 q A f m  Io 
( 3 )  
The  m e a n  s q u a r e  noise  c u r r e n t  is p ropor t iona l  t o  the cube  of the  mul t ip l i -  
ca t ion  in  th i s  c a s e .  
2. 1. 1 . 2  C a s e  2 
T h e r e  is no  o ther  s imple c a s e  w h e r e  m is not a function of x. 
T h e  in t eg ra l s  in the e x p r e s s i o n  for  the  n o i s e  can ,  however ,  be  p e r f o r m e d  
3 
when P /a  = 0 ,  and  the  only init iating c u r r e n t  is e l e c t r o n  inject ion.  
c a s e ,  g o  = 0 ,  Ip(0) = 0 ,  and  
In this 
X 
m ( x )  = exp [ a dx']  . 
IO 
( 7 )  
If we def ine the ove ra l l  multiplication of the injected e l e c t r o n  c u r r e n t  by 
M ,  then M = m ( L ) ,  I = MIn(L) ,  and we obtain 
1 IN 2 = 2 q A f I n ( L )  M 2 ( 2 - M )  
F o r  r e a s o n a b l y  l a r g e  mult ipl icat ions,  the m e a n  s q u a r e  noise  c u r r e n t  is 
propor t iona l  t o  the s q u a r e  of the mult ipl icat ion.  
obtained f o r  a photomult ipl ier  except  f o r  t he  2 in the p a r e n t h e s i s .  This  
f ac to r  o c c u r s  because  both hole and  e l e c t r o n  c u r r e n t  flow in a diode, and  
the i r  f luctuat ions a r e  independent.  
s e r v e d  in  a photomult ipl ier .  
This  i s  the s a m e  re la t ion  
Hence the noise  power is twice that ob-  
We have  thus shown that  in the l imit ing c a s e s  p / a  = 1 and  P / a  = 0 ,  
f o r  l a r g e  mult ipl icat ions,  the m e a n  s q u a r e  noise  c u r r e n t  is propor t iona l ,  
r e s p e c t i v e l y ,  to  M3 and M2. 
Since  i t  is  d e s i r e d  that the noise power not i n c r e a s e  m o r e  rapidly 
with mult ipl icat ion than the s ignal  power (which is propor t iona l  to M 2 \ 
it  is necessary to .wzrk with as s m a l l  a r a t i o  of p / a  as poss ib le .  
be done in two ways:  
P / a  as  poss ib le .  
have  the s m a l l e s t  P / a  r a t io .  
Th i s  c a n  
First by the choice of a diode wit  b_al? small a r a t i o  
Si  a p p e a r s  to  Of those  m a t e r i a l s  examined  t o  da t e ,  
8 , 9  Second,  examinat ion  of the var ia t ion  of a and  p with f ie ld  shows 
I t  that  the r a t io  P/a ( o r  a/P in  the c a s e  of Ge) is s m a l l e s t  at low f ie lds .  
is t h e r e f o r e  d e s i r a b l e  to  des ign  the avalanching diode to o p e r a t e  at as low 
as  a f ie ld  as poss ib le ,  l2 obtaining the n e c e s s a r y  mult ipl icat ion by length-  
ening the  ava lanche  reg ion .  
Although u s e  of the techniques d e s c r i b e d  above  wil l  tend t o  m i n i m i z e  
the e x c e s s  noise  in  avalanche photodiodes, it c a n  be  expected tha t  i n  any  
p rac t i ca l  c a s e ,  t he  m e a n  s q u a r e  noise power f r o m  the diode wil l  i n c r e a s e  
f a s t e r  than the s ignal  power .  The  usefu lness  of avalanche mult ipl icat ion 
wil l  t h e r e f o r e  be  d e t e r m i n e d  b y  the t h e r m a l  noise  power  due to the a m p l i f i e r  
4 
following the diode.  If t he  t h e r m a l  noise  power of t h i s  a m p l i f i e r  is l a r g e r  
than the  diode no i se  power ,  mult ipl icat ion c a n  still p roduce  a n  o v e r a l l  in -  
c r e a s e  in  s igna l - to -no i se  r a t io .  T h e r e  wil l ,  however ,  b e  an  opt imum 
s igna l - to -no i se  r a t i o  at some pa r t i cu la r  mul t ip l ica t ion ,  and f u r t h e r  mul t i -  
p l ica t ion  wi l l  only d e g r a d e  the s igna l - to -no i se  r a t io .  Th i s  m a y  be s e e n  in  
F i g u r e  1 where  s igna l  and noise  power and  s igna l - to -no i se  r a t i o  a r e  
ske tched  as  func t ions  of mult ipl icat ion u n d e r  the ass l impt ion  tha t  the  noise  
power  is p ropor t iona l  t o  M 2.5 . 
In s u m m a r y ,  i t  is now bel ieved tha t  the noise  in  a n  ava lanching  
photodiode wil l  i n c r e a s e  f a s t e r  with mul t ip l ica t ion  than the  s igna l ;  tha t  
t h i s  t endency  m a y  b e  min imized  by the  u s e  of a m a t e r i a l  and a diode 
s t r u c t u r e  which keeps  the r a t i o  of the  hole  t o  the  e l e c t r o n  ionizat ion c o -  
e f f ic ien ts  as  s m a l l  as poss ib l e ,  and f ina l ly  that  suf f ic ien t  ava lanche  m u l t i -  
pl icat ion to  j u s t  ove rcome  the t h e r m a l  no i se  of the  a m p l i f i e r  following the  
photodiode r e m a i n s  useful .  
2.  1. 2 F r e q u e n c y  Response  of Avalanching Photodiodes 
One of the impor t an t  quest ions connec ted  with the  u s e  of ava-  
l anche  mul t ip l ica t ion  to r a i s e  the  s igna l  and  no i se  l e v e l s  a t  the  output 
of a photodiode is the e f fec t  of t h e  mul t ip l ica t ion  p r o c e s s  on the  bandwidth 
of t h e  device .  The  f i r s t  de t e rmina t ion  of the bandwidth was  r e p o r t e d  by 
L e e  and B a t d o r f .  l 3  They appl ied  the theo ry  developed by Read14 f o r  an 
ava lanche  mic rowave  osc i l l a to r  t o  the  avalanching photodiode. 
ind ica ted  that the  ava lanche  photodiode w a s  sub jec t  t o  a gain-bandwidth 
product .  
M is the c u r r e n t  mult ipl icat ion,  and T is the t r a n s i t  t i m e  or' a c a r r i e r  
a c r o s s  the e n t i r e  junct ion r eg ion .  T h e  pr inc ip le  a s s u m p t i o n s  of the 
Read  theo ry  a r e  tha t  the ionizat ion coef f ic ien ts  of e l e c t r o n s  and ho le s  a r e  
equa l ,  and  tha t  the  d i sp lacemen t  c u r r e n t  produced  b y  the  mob i l e  c h a r g e  
in the  ava lanching  por t ion  of the junction m a y  be  neglec ted .  (Avalanche 
mul t ip l ica t ion  is a s s u m e d  t o  occur  in  only a small f r a c t i o n  of the  junct ion 
s p a c e - c h a r g e  reg ion .  ) 
The r e s u l t  
T h e  3:db cutoff f requency  w a s  r e p o r t e d  to b e  w = ~ / M T ,  w h e r e  
S ince  th i s  r e s u l t  r e p r e s e n t s  a s e v e r e  loss of bandwidth with mul t i -  
p l i ca t ion ,  it was dec ided  that  i t  was i m p o r t a n t  t o  m a k e  a n  a t t e m p t  t o  i m -  
p r o v e  the  t h e o r y  in  the  hope that  operat ing condi t ions might  be  found which 
would y ie ld  a l e s s  s e v e r e  bandwidth l imi ta t ion .  
A f r equency  r e s p o n s e  was  t h e r e f o r e  worked  out exac t ly  for  a p a r t i -  
c u l a r l y  s i m p l e  c a s e .  
diode in  which only e l e c t r o n s  are  capable  of ionizing co l l i s ions ,  and  in  which  
The  equations f o r  c a r r i e r  t r a n s p o r t  i n  a n  ava lanching  
5 
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6 
the  mul t ip l ica t ion  i s  un i form throughout  the  junct ion a e r e l a t ive ly  i m p l e  
The  f r equency  r e s p o n s e  obtained when e l e c t r o n s  a re  in-  m a t h e m a t i c a l l y .  
j e c t e d  in to  s u c h  a junct ion is e s sen t i a l ly  independent  of c u r r e n t  mu l t ip l i ca -  
t ion.  l 5  
f o r  the  c a s e  of equal  ionizat ion coef f ic ien ts  fo r  e l e c t r o n s  and  ho le s ,  a 
thorough a n a l y s i s  of the p r o b l e m  was  unde r t aken .  
f i r m s  tha t  the behavior  of the  f requency  r e s p o n s e  depends c r i t i c a l l y  on 
the r a t i o  a / p  of the ionizat ion coeff ic ients  fo r  e l e c t r o n s  t o  tha t  f o r  ho le s ,  
and  in  p a r t i c u l a r  y ie lds  the  r e s u l t s  d i s c u s s e d  above  for  the  two l imi t ing  
c a s e s :  a / p  = 0 ,  and a / p  = 1. F o r  in t e rmed ia t e  va lues  of t h i s  r a t i o ,  the  
m a n n e r  in  which the bandwidth v a r i e s  with mul t ip l ica t ion  is p r e d i c t e d  only 
in  a v e r y  g e n e r a l  way.  
which the  photodiode is cons t ruc t ed  and hence  c a n  b e  s e l e c t e d  only in  a v e r y  
l i m i t e d  s e n s e ,  i t  is fe l t  that  f u r t h e r  e f for t  should b e  m a d e  t o  s tudy the  v a r i -  
a t ion  of f r equency  r e s p o n s e  with mul t ip l ica t ion  fo r  a r b i t r a r y  r a t io s  of a t o  
p. T h i s  is p a r t i c u l a r l y  impor t an t  in  view of the f a c t  t ha t  the  e x c e s s  no i se  
p roduced  by  the  mul t ip l ica t ion  p r o c e s s  ( d i s c u s s e d  above)  is a l s o  dependent  
on the r a t i o  a/P.  
In view of the  s t r o n g  c o n t r a s t  between th is  r e s u l t  and  the  r e s u l t  
Th i s  a n a l y s i s  l6  con-  
S ince  a and f3 a r e  p r o p e r t i e s  of the  m a t e r i a l  f r o m  
T h e  d i f fe ren t ia l  equat ions governing the  p e r f o r m a n c e  of a p - i - n  
ava lanching  photodiode when photogenera ted  e l e c t r o n s  a r e  in jec ted  have 
now been  so lved  for a r b i t r a r y  r a t i o s  of a t o  p. 
w a s  obtained a f t e r  the  t e rmina t ion  of th i s  c o n t r a c t ,  and  f r equency  r e s p o n s e  
c u r v e s  have  not  been  computed  f r o m  i t .  
n e s s .  
Unfortunately th i s  so lu t ion  
It is included h e r e  f o r  comple t e -  
We f i r s t  obtain the  a c  components  of the e l e c t r o n  and hole c l r r r e n t s  
i n  the junct ion.  The  d i f fe ren t ia l  equat ions t o  b e  so lved  a r e  the coupled 
pair :  5 
- dJn t ( a  -e] Jn t p J p = O  
dx 
( 9 )  
T h e s e  coupled  equat ions m a y  b e  s e p a r a t e d .  
Equat ion  (9) for Jp ,  d i f f e ren t i a t e ,  and subs t i t u t e  i n  Equat ion (10)  we  obtain 
a second  o r d e r  l i n e a r  d i f f e ren t i a l  equation f o r  Jn. An iden t i ca l  equat ion is 
F o r  example  i f  we so lve  
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obta ined  f o r  Jp. 
the  f o r m  of "e igenvec tors  ' I  
The g e n e r a l  solut ions to the  equat ions  a r e  t h e r e f o r e  of 
Jn = C1 exp  ( r lx)  t C 2  exp ( r 2 x )  (11)  
Jp = C3 exp ( r 1 x )  t C 4  exp ( r2x)  (12) 
with the "e igenf requencies"  r and r2 .  
Only two of the four  cons tan ts  in t h e s e  equat ions  can  be  independent  
s i n c e  the  or ig ina l  s y s t e m  is a pa i r  of l i n e a r  f i r s t  o r d e r  equat ions ,  e a c h  
of which r e q u i r e s  only one a r b i t r a r y  cons tan t .  The  two e x t r a  cons t an t s  
m a y  be  e l imina ted  by subs t i tu t ing  the so lu t ions  into the f irst  o r d e r  equa -  
t i ons .  Put ing a Z 1 a - e) and b = (p - 5) f o r  s impl i c i ty  we  have  
r2x )  = 0 (13)  
S ince  x is the independent  v a r i a b l e ,  t h e s e  equat ions c a n  van i sh  only i f  the  
coef f ic ien ts  of exp  ( r l x )  and  exp (r2x)  van i sh  s e p a r a t e l y .  
have  a p a i r  of homogeneous  equations i n  C 1  and  C3,  and  a p a i r  i n  C2  and 
C4. Since  the  equat ions  a r e  homogeneous ,  nont r iv ia l  so lu t ions  e x i s t  only 
if the  d e t e r m i n a n t s  of the coeff ic ients  vanish .  
We t h e r e f o r e  
r 1  + a  P 
-a r 1  - b  
r 2  + a  P 
-a ' 2 - b  
= o  
= o  
8 
T h e s e  a r e  the  " s e c u l a r "  equat ions of the  s y s t e m ,  and  y ie ld  f o r  the  e igen -  
f r e q u e n c i e s  
If t h i s  equat ion is sa t i s f i ed ,  we  m a y  w r i t e  f o r  the  r a t io s  C , / C ,  and 
C 2 / C 4 ,  
c4  
The  e i g e n v e c t o r s  a r e  then 
I- 1x 2x Jn = C l d  t C2e  
a 
T h e  r ema in ing  two a r b i t r a r y  constants  m a y  be r e m o v e d  by appl icat ion of 
t he  boundary condi t ions.  
j e c t e d  a t  x = L, then the  boundary  conditions a r e  
If a photogenerated e l e c t r o n  c u r r e n t  Jo is in-  
Jn(L) = Jo ,  Jp (0 )  = 0 
and  t h e  c u r r e n t s  are 
[ ( r 2  t a) e lX - ( r l  t a) e r Z X ]  
Jn = Jo 
[ ( r 2  + a )  e 1L - ( r l  t a) erZL 1 
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- e  r2x 1 
T h e  s h o r t - c i r c u i t  a c  c u r r e n t  i n  the load is given by 
L 
1 '  
r 1 
To obtain the f r equency  r e s p o n s e ,  the c u r r e n t  m a y  be  n o r m a l i z e d  by 
dividing by the mult ipl ied dc cu r ren t ,  
F(o) = J / M J o  
w h e r e  
, l - B  
F o r  the limits a / P  = 0 and  a/p = 1, this  function r e d u c e s  t o  the f r equency  
r e s p o n s e  functions a l r e a d y  obtained. 
i. e . ,  
1 1  
2 . 2  EXPERIMENTAL WORK 
2 .2 .  1 M a t e r i a l  Studies  
T h e  u s e  of X - r a y  "rocking c u r v e s "  w a s  inves t iga ted  as a poss ib le  
technique fo r  obtaining information on the c rys t a l l i ne  
InAs f r o m  which the photodiodes w e r e  to be  m a d e .  l 7 j P 8  T h e  rocking c u r v e  
e r f ec t ion  of the 
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is a m e a s u r e  of the  in tens i ty  of the  X - r a y s  r e f l ec t ed  f r o m  the  s u r f a c e  of 
t he  InAs w a f e r ,  as a funct ion of angle ,  as the  wafe r  is ro t a t ed  s l igh t ly  in  
the  vicini ty  of the  Bragg  angle .  
can  b e  c o r r e l a t e d  with the  s i z e  of a laue  spot .  
s a m p l e  m u s t  b e  as p a r a l l e l  as poss ib le ,  and in  p r a c t i c e  the  s o u r c e  con-  
s i s t e d  of 1 . 5 4 i  CuKa rad ia t ion  re f lec ted  f r o m  a second InAs c r y s t a l  
o r i en ted  in the  s a m e  way as the  s a m p l e  unde r  invest igat ion.  
The  angu la r  width of the  rocking c u r v e  
The  X - r a y s  incident  on the 
It w a s  found that  the s u r f a c e  damage  c a u s e d  by mechan ica l  po l i sh-  
ing could b e  e a s i l y  de t ec t ed  in  this  way. The  width of the rocking c u r v e s  
f o r  e t ched  m a t e r i a l  was  30 inches ;  for po l i shed  material 60  i n c h e s .  
w a s  a l s o  found that  the  diffusion used  t o  m a k e  the  p -n  junct ions tended t o  
double  the  width of the rocking cu rve ,  although the e f fec t  of the  diffusion 
did not  a p p e a r  t o  be  un i fo rm o v e r  the s u r f a c e  of t he  wafe r .  
f u r t h e r  c o m m e n t s  on th i s  diffusion below. 
It  
T h e r e  a r e  
In an  e f fo r t  t o  obtain a c o r r e l a t i o n  be tween c r y s t a l l i n e  pe r fec t ion  
and diode qual i ty ,  six diodes w e r e  made  f r o m  a wafe r  of InAs pu rpose ly  
chosen  t o  conta in  a wide va r i a t ion  in d is loca t ion-count  dens i ty .  X - r a y  
rocking  c u r v e s  and Schutz  photographs as w e l l  as e tch-p i t  counts  showed 
an a rea  of the  wafer  with a heavy  densi ty  of l i n e s  of d i s loca t ions  which 
t e r m i n a t e d  on what  a p p e a r e d  t o  b e  a s l i p  plane p a r a l l e l  t o  the g rowth  axis 
of t he  c r y s t a l .  The  ze ro -b ia s  r e s i s t a n c e ,  the  d a r k - c u r r e n t  dens i ty  a n d  
the  ava lanche  mul t ip l ica t ion  of these  diodes was  m e a s u r e d .  The  d a r k -  
c u r r e n t  d e n s i t i e s  of t he  diodes made  f r o m  the  heavi ly  d i s loca ted  m a t e r i a l  
w e r e  m a t e r i a l l y  h igher  than the d a r k - c u r r e n t  dens i t i e s  of the  r ema in ing  
d iodes .  T h e  o the r  two p a r a m e t e r s  showed no  c l e a r  c o r r e l a t i o n  with d i s -  
loca t ion  count .  ' 
It  had  become c l e a r  dur ing  the c o u r s e  of th i s  work  tha t  the c r y s t a l -  
l ine  pe r fec t ion  of bulk InAs is not as  good as tha t  of bulk GaAs,  and  p r e -  
l i m i n a r y  work  had been  in i t ia ted  t o  obtain ep i tax ia l  f i l m s  of InAs grown 
on GaAs s u b s t r a t e s .  T h i s  technique should produce  InAs of as good qual i ty  
as  the  s u b s t r a t e .  Th i s  work ,  however ,  was  not  emphas ized  b e c a u s e  of t he  
l ack  of c o r r e l a t i o n  of the quali ty of t h e  s t a r t i n g  m a t e r i a l  with c u r r e n t  mu l t i -  
pl icat ion obse rved .  
diode f ab r i ca t ion  techniques w e r e  l imit ing the mul t ip l ica t ion .  In p a r t i c u l a r  
i t  was  dec ided  t o  inves t iga te  the possibi l i ty  of obtaining a g u a r d - r i n g  s t r u c -  
t u r e  in  InAs .  
Th i s  l a c k  of c o r r e l a t i o n  s e e m e d  t o  ind ica te  tha t  the  
2 . 2 .  2 Guard-Ring  Studies  
An impor t an t  s t e p  i n  the  a t ta inment  of un i fo rmi ty  and  con t ro l  
ove r  breakdown Si and Ge has  been the  in t roduct ion  of g u a r d  r i n g s  t o  
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r e d u c e  the  f ie ld  at the  in t e r sec t ion  of the  junct ion with the s u r f a c e .  19, 20 
An inves t iga t ion  of the  poss ib i l i ty  of obtaining a g u a r d - r i n g  s t r u c t u r e  i n  
InAs w a s  t h e r e f o r e  begun.  
ing a weak deep  r ing - shaped  Mn diffusion upon which could b e  s u p e r i m -  
p o s e d  a s t r o n g  c e n t r a l  Cd diffusion. 
was  sugges t ed  by p rev ious  w o r k  i n  t h i s  l a b o r a t o r y  which ind ica ted  tha t  a n  
Mn diffusion is somewha t  s l o w e r  and t h e r e f o r e  e a s i e r  t o  con t ro l  than the 
Cd diffusion n o r m a l l y  used  t o  make  InAs photodiodes.  
s ion  s tud ie s  f o r  i m p u r i t i e s  i n  InAs 1~ 2 2  do not inc lude  da ta  on Mn. 
The  invest igat ion was  d i r e c t e d  toward  obtain-  
T h e  u s e  of Mn f o r  the  g u a r d - r i n g  
Pub l i shed  diffu- 
The  Mn diffusion was  accompl i shed  b y  evapora t ing  approx ima te ly  
100 pg rn /cm2  of Mn on an e tched  InAs w a f e r ,  and heat ing in  a n  oven at 
750-760°C.  
approx ima te ly  2 m i c r o n s  in 5 minutes  in  1017 c ~ n - ~  n- type  InAs.  Af te r  
the  Mn diffusion,  the e x c e s s  Mn on the  s u r f a c e  was  r e m o v e d ,  and the  
w a f e r  was  e t ched  unt i l  n - type  was p r e s e n t  e v e r y w h e r e  excep t  in a r ing -  
shaped  a r e a .  A 1-minute  open-tube Cd diffusion was  then p e r f o r m e d ,  
du r ing  which the Mn r ing  was  dr iven  somewha t  d e e p e r ,  and a mesa was  
e t ched .  
T e m p e r a t u r e s  in  this  r a n g e  produce  a junct ion depth  of 
The  diode s t r u c t u r e  is ske tched  in  F i g u r e  2 .  
Cd  Diffused 
Mn Diffused 
n -Type  
1 J 
F i g u r e  2. Sketch of P r o p o s e d  InAs 
Guard-Ring  Diode 
T h e s e  d iodes  showed a high l eakage  c u r r e n t ,  and  t h e r m a l  probing  
ind ica t ed  that  the Mn-doped region w a s  m o r e  s t r o n g l y  p- type  than  the  
Cd-doped r eg ion .  Th i s  is opposite to  the e f fec t  d e s i r e d .  
A poss ib l e  c a u s e  of th i s  difficulty is the  d i f f e rence  be tween the 
types  of s o u r c e  used  in  the Mn and Cd diffusions.  B e c a u s e  of the  low 
vapor  p r e s s u r e  of Mn, an evapora ted  l a y e r  m u s t  be u s e d  as  a s o u r c e  
in  th i s  c a s e ,  while  i n  the  c a s e  of Cd, a vapor  s o u r c e  m a y  b e  used .  
T h i s  d i f f e rence  m a y  r e s u l t  in  a higher  s u r f a c e  concen t r a t ion  f o r  the  
Mn d i f fus ion .  
t h e m s e l v e s .  
p l a y e r  than the  Mn diffusion,  cons idera t ion  w a s  given t o  r e v e r s i n g  the  
A n u m b e r  of methods of r emedy ing  the  diff icul ty  sugges t ed  
S ince  the  Cd vapor  diffusion p roduces  a l e s s - h e a v i l y  doped 
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roles of the  two diffusions;  us ing  the  Cd diffusion t o  p roduce  the  g u a r d  
r i n g ,  and the  Mn diffusion to  produce the  photodiode. 
a l s o  given to  a reduct ion  of the  Mn concent ra t ion  by diffusing through an  
S i 0 2  l a y e r  depos i ted  on the  InAs s u r f a c e .  
tha t  as the depth of a diffusion i s  i n c r e a s e d ,  the  concen t r a t ion  g rad ien t  a t  
the  diffusion f ron t  d e c r e a s e s .  T h e r e f o r e  a lower  Mn concent ra t ion  might  
be  obtained by  p e r f o r m i n g  a deep  diffusion, and then etching m o s t  of the  
d i f fused  l a y e r  away.  
Cons ide ra t ion  w a s  
Al t e rna te ly ,  i t  m a y  b e  noted 
T h e  f i r s t  two of t h e s e  r e m e d i e s  w e r e  pu r sued .  Whether  i t  is 
d e s i r a b l e  to  u s e  the Cd diffusion for  t he  g u a r d  r i n g  and  the  Mn diffusion 
fo r  the  photodiode depends on whether  o r  not Mn-diffused photodiodes 
can  b e  obtained which a r e  of a quality a t  l e a s t  as  good as  the  Cd-diffused 
photodiodes p r e s e n t l y  being m a d e .  
w e r e  t h e r e f o r e  p r e p a r e d  f r o m  the  s a m e  s t a r t i n g  m a t e r i a l .  
that  the  z e r o - b i a s  r e s i s t a n c e  and  leakage  c u r r e n t s  of the Mn-diffused 
d iodes  w e r e  p o o r e r  than those  of the Cd-diffused d iodes  by  f a c t o r s  of 3 
and 8 r e spec t ive ly .  
A n u m b e r  of Cd and Mn photodiodes 
I t  was  found 
The u s e  of a n  S i 0 2  coat ing,  deposi ted on the  InAs t h e r m a l  d e c o m -  
pos i t ion  of s i l a n e ,  t o  r educe  the concent ra t ion  of the  Mn diffusant ,  was  
next  inves t iga ted .  23 I t  was  found that when the  S i 0 2  was  depos i ted  a t  a 
t e m p e r a t u r e  in  e x c e s s  of 5 0 0 " C ,  v e r y  l a r g e  n u m b e r s  of e t ch  p i t s  deve l -  
oped in  the  InAs s u r f a c e .  Th i s  p rob lem can  b e  avoided du r ing  the  S i 0 2  
fo rma t ion ,  but  not dur ing  the  diffusions,  f o r  which t e m p e r a t u r e s  in  e x -  
c e s s  of 700°C a r e  r e q u i r e d .  
Work on g u a r d - r i n g  s t r u c t u r e s  w a s  discont inued a t  th i s  point i n  
o r d e r  t o  allow t ime f o r  the product ion and t e s t ing  of the  s a m p l e  d iodes  
r e q u i r e d  by th i s  c o n t r a c t .  The  development  of a g u a r d - r i n g  s t r u c t u r e  
to  i m p r o v e  the uni formi ty  and reproducib i l i ty  of the  breakdown c h a r a c -  
t e r i s t i c s  of InAs (and of 111-V compound d iodes  in  g e n e r a l )  r e m a i n s ,  
however ,  an i m p o r t a n t  sub jec t  for fu ture  work .  A r e c e n t  unpubl ished 
r e p o r t 2 4  conta ins  da ta  on a technique f o r  cont ro l l ing  the  p- type  diffu- 
s a n t s  u sed  in 111-V compounds which m a y  yield b e t t e r  r e s u l t s  than those  
r e p o r t e d  above.  The  technique is based  on Raoul t ' s  l aw,  which s t a t e s  
tha t  the  vapor  p r e s s u r e  of one component  of a m i x t u r e  over  t h e  m i x t u r e  
is p ropor t iona l  t o  its concent ra t ion  in  the  m i x t u r e .  F o r  example ,  at a 
f ixed t e m p e r a t u r e ,  the  vapor  p r e s s u r e  of Cd o v e r  an  a l loy  of Cd and Ga 
is p ropor t iona l  t o  the p e r c e n t a g e  of C d  i n  the  al loy.  In addi t ion,  s i n c e  
Ga  h a s  a v e r y  much lower  vapor  p r e s s u r e  than Cd,  i t s  e f fec ts  in the  dif-  
fus ion  m a y  be  ignored .  In  a c losed- tube  Cd diffusion,  the v a p o r  p r e s s u r e  
of t he  diffusant  can  t h e r e f o r e  be  ad jus ted  independent ly  of the t e m p e r a t u r e  
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by ad jus t ing  the  diffusant  concent ra t ion  in  the  s o u r c e  al loy.  
nique p e r m i t s  u s e  of a small  diffusion tube and  a s i n g l e - t e m p e r a t u r e  
diffusion oven,  without l o s s  of control  over  the  diffusarit vapor  p r e s s i i r e .  
Th i s  t e c h -  
P r e v i o u s  e f fo r t s  t o  u s e  Cd and Zn  vapor  diffusions in  111-V c o m -  
pounds in  a s i n g l e - t e m p e r a t u r e - z o n e  oven r e q u i r e d  tha t  the m a s s  of 
d i f fusant  i n s e r t e d  in  the  d i f fus ion  tube b e  ca re fu l ly  l i m i t e d  in  o r d e r  t o  
avoid s u r f a c e  al loying.  The  r e s u l t  w a s  a high in i t ia l  vapor  p r e s s u r e  
(which  m a d e  it difficult  t o  produce  low s u r f a c e  concen t r a t ions )  and  a 
subsequen t ly  d e c r e a s i n g  vapor  p r e s s u r e  (which m a d e  i t  difficult  t o  
p roduce  d e e p  junct ions) .  
fu s ions  which p rompted  the  deve lopment  of the  open-tube Cd diffusion 
f o r  InAs which h a s  been i n  u s e  in  this l a b o r a t o r y .  
It w a s  these diff icul t ies  with c losed - tube  dif-  
Kendal l ' s  r e p o r t 2 4  on the  use  of a l loy diffusion Sources  included 
no new w o r k  on InAs. 
s u r f a c e  concen t r a t ions  in  InSb diodes o v e r  at l e a s t  two o r d e r s  of magn i -  
t udes .  
poss ib l e  to adapt  th i s  diffusion technique t o  the  product ion  of a g u a r d -  
r ing  diode us ing ,  f o r  example ,  two s e p a r a t e  Cd d i f fus ions .  The f i r s t ,  
to  p roduce  the g u a r d  r ing ,  would employ a low vapor  p r e s s u r e  Cd 
s o u r c e .  T h e  second ,  with a high vapor p r e s s u r e ,  would produce  the  
c e n t r a l  photosens i t ive  area i n  the  n o r m a l  way. 
He r e p o r t s ,  however ,  the  abi l i ty  t o  con t ro l  Zn 
If th i s  behavior  c a n  be obtained i n  InAs as  wel l ,  i t  a p p e a r s  
In s u m m a r y ,  it is be l ieved  that enhancemen t  of t he  ava lanche  
mul t ip l ica t ion  of the  pho tocur ren t  in InAs c a n  b e  obtained by producing  
m o r e  un i fo rm breakdown c h a r a c t e r i s t i c s  i n  the  d iodes .  
s t e p  i n  obiainiiig this uniformity is the deve!~prr ,ent ~f a gEard - r inu  ---e 
s t r u c t u r e .  
unsuccess fu l .  
s o u r c e  have  been  d e m o n s t r a t e d  in  InSb, and  it is sugges t ed  that  t he  app l i -  
ca t ion  of t h i s  technique m a y  l e a d  to the  d e s i r e d  r e s u l t  i n  InAs. 
An i m p o r t a n t  
A t t empt s  t o  obtain a gua rd - r ing  s t r u c t u r e  in  InAs have  been  
Improved  con t ro l  over Cd and Zn diffusion using an al loy 
2. 2 .  3 Diode F a b r i c a t i o n  and Test ing 
2.  2 .  3 .  1 F a b r i c a t i o n  
The f ab r i ca t ion  and  tes t ing p r o c e d u r e s  u s e d  on the  InAs photo- 
d iodes  being m a d e  a t  the conclusion of th i s  c o n t r a c t  a re  d e s c r i b e d  h e r e .  
The  p r i m a r y  e m p h a s i s  of t hese  p r o c e d u r e s  w a s  on c u r r e n t  mul t ip l ica t ion  
obta inable ,  which was  of the order of 10. 
14 
On the basis of c u r r e n t  mul t ip l ica t ion ,  d iodes  m a d e  f r o m  m a t e r i a l  
with a doping dens i ty  of approximate ly  1 x 10 l7  c m - 3  w e r e  found m o s t  
s a t i s f a c t o r y .  
InAs with a doping densi ty  between 8 . 5  and  9.  5 x 10 i 6  c m - 3  , and a 
mobi l i ty  of 21, 000 c m 2  v - l s e c  
mater ia l  is f i r s t  e tched  in a solution of 4 p a r t s  of 50 p e r c e n t  H F ,  
of 70 p e r c e n t  H N 0 3 ,  and  18 p a r t s  of H2O. 
s i d e  up ,  on a q u a r t z  s l i de  and  covered  with a qua r t z  c a p  of about 3 c m  
volume.  About 10 m i l l i g r a m s  of Cd i s  p laced  in  a small  s i d e  tube in s ide  
th i s  cap .  T h e  q u a r t z  s l i d e  i s  t hen  pushed in to  a n  oven a t  810"C,  through 
which fo rming  g a s  is flowing, diffused f o r  1 minute ,  and  cooled quickly.  
T h e  depth of the junction produced by t h i s  open-tube diffusion is a p p r o x i -  
m a t e l y  3 m i c r o n s .  
The  d iodes  r e p o r t e d  were  m a d e  f r o m  n-type t in-doped 
- 1  . To p r e p a r e  the  d iodes ,  a wafer  of th i s  
12 p a r t s  
"B" 
3 
T h e  wafe r  i s  then p l aced ,  
Af te r  r e m o v a l  f r o m  t h e  oven,  d r o p s  of K e l - F  200 (Minnesota  Mining 
a n d  Manufactur ing C o . )  approximate ly  10 mils  i n  d i a m e t e r  a r e  placed on 
the 'IB" s i d e  of t he  w a f e r .  
followed by w a t e r  r i n s e s ,  leaving a diffused p l a y e r  only under  the wax. 
T h e  wax is then r e m o v e d  f r o m  the m e s a  a r e a  by cooling the wafe r  t o  7 7 ° K  
and  mechanica l ly  peeling it off. Diode d i ce  about  40 m i l s  by 40 mils ,  e a c h  
containing a s e n s i t i v e  m e s a ,  a re  then s c r i b e d  and  c leaved  f r o m  the  w a f e r .  
Each  d i e  is s o l d e r e d  t o  a mount  with In and ,  a f t e r  a 1-second c l e a n - u p  
e t c h ,  a 1 - m i l  Pt w i r e  i s  s o l d e r e d  to the  mesa,  a l s o  with In. 
The  wafer i s  then given s e v e r a l  5 -second e t c h e s  
2. 2 .  3. 2 Tes t ing  
The r e v e r s e - b i a s  cur ren t -vol tage  c h a r a c t e r i s t i c s  of the InAs 
photodiodes w e r e  m e a s u r e d  at low f requency ,  and  mult ipl icat ion da ta  w e r e  
obtained both a t  low f r equency  and  at 125 MHz. The  high-frequency data 
w a s  obtained by m e a s u r e m e n t  of the ampl i tude  of the  bea t - f requency  s igna l  
f r o m  the diode, as a function of b i a s ,  when He-Ne laser l igh t  containing 
several  a x i a l  modes  w a s  incident  on t h e  diode. The  c u r r e n t  mult ipl icat ion 
da ta  is obtained f r o m  t h e s e  high-frequency m e a s u r e m e n t s  by a s s u m i n g  
tha t  t he  s igna l  obtained when the  bias ( in  vol t s )  is l e s s  than the InAs band 
gap  ( i n  ev )  is not mult ipl ied.  
is then  c o m p a r e d  with th i s  unmultiplied s igna l .  
low f r equency  is obtained by compar ing  the d i f f e rence  between the diode 
r e v e r s e  c u r r e n t  with and without light incident  t o  the  l igh t  c u r r e n t  m e a s u r e d  
at z e r o  bias. 
The  s igna l  obtained a t  l a r g e r  r e v e r s e  b i a s e s  
T h e  mult ipl icat ion da ta  a t  
T h e  r e v e r s e  bias c h a r a c t e r i s t i c s  and  the mult ipl icat ion da ta  a r e  
shown i n  F i g u r e s  3 through 18. 
i n  the  r e v e r s e  d i r ec t ion .  
None of t he  diodes show a t r u e  s a t u r a t i o n  
Generat ion and  recombina t ion  in  the  junct ion can  
15 
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be  neg lec t ed  a t  th i s  t e m p e r a t u r e ,  2 5  hence  l a c k  of s a t u r a t i o n  ind ica tes  a 
l eakage  r e s i s t a n c e  in  p a r a l l e l  with the junct ion.  
in all t h e  d iodes  is sof t .  I t  is expec ted  that  a gua rd - r ing - type  s t r u c t u r e  
would i m p r o v e  the  d iodes  i n  both t h e s e  r e s p e c t s .  
t ion da t a  has  been  obtained t o  10 volts r e v e r s e  b i a s  i n  a l m o s t  all c a s e s ,  
a n d  the  c u r r e n t  mul t ip l ica t ions  obse rved  a t  th i s  b ias  vol tage a r e  between 
8 and  12. T h e  d i f f e rences  i n  the  obse rved  mul t ip l ica t ions  of s o m e  of the 
d iodes  a t  dc and  a t  125 MHz a r e  m o s t  probably  due t o  a s low shift i n  the  
diode c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  which o c c u r s  when the  d iodes  a r e  
i l . luminated.  T h i s  e f fec t ,  which is s e e n  in InSb photodiodes as wel l  as in 
InAs photodiodes ,  is a s s o c i a t e d  with the  cha rg ing  of slow s u r f a c e  s t a t e s .  
The  breakdown o b s e r v e d  
T h e  c u r r e n t  mu l t ip l i ca -  
T h e  sens i t i v i ty  (D"') of the  InAs photodiodes t o  incohe ren t  l ight  was 
m e a s u r e d  in o r d e r  to e s t a b l i s h  tha t ,  i n  addi t ion t o  providing c u r r e n t  mu l t i -  
p l ica t ion ,  the  d iodes  w e r e  comparab le  in sens i t i v i ty  to  c o m m e r c i a l l y  
ava i l ab le  InAs photodiodes.  The  D"' m e a s u r e m e n t s  w e r e  m a d e  with a 
500°K b lack  body at 915 Hz,  and the da t a  was  r e d u c e d  t o  a I -Hz  bandwidth.  
The  d iodes  w e r e  m e a s u r e d  while  r e v e r s e  b i a s e d  and  drawing  50 @. 
data  i s  shown in Tab le  1. 
which is within a f a c t o r  of 2 t o  3 of c o m m e r c i a l l y  ava i lab le  d e t e c t o r s .  
Th i s  d a t a  has  b e e n  supp lemen ted  by  the  m e a s u r e m e n t  of t he  s p e c t r a l  v a r i a -  
t ion of the  D"' i n  f ive c a s e s .  
F i g u r e  19, and the DC at the  wavelength of l a r g e s t  s ens i t i v i ty  is shown in  
Tab le  1. T h e  series r e s i s t a n c e  R s  and junct ion capac i t ance  C .  of the d iodes ,  
which l i m i t  t h e i r  h igh- f requency  p e r f o r m a n c e ,  have b e e n  m e a s u r e d ,  and  
a r e  given in  Table  1. The  s e r i e s - r e s i s t a n c e  m e a s u r e m e n t s  w e r e  obtained 
f r o m  s lo t t ed - l ine  r e f l ec t ance  m e a s u r e m e n t s  at 2 GHz. 
da ta  w a s  obta inedwi th  a conventional capac i t ance  b r i d g e  at 100 kHz.  
computed  R s C j  cutoff f r equenc ie s  for  the  diodes r a n  e be tween 0 . 3  and 1 . 7  
GHz. If t h e  d a t a  is n o r m a l i z e d  t o  a n  a r e a  of 10- c m  , the  cutoffs  r ange  
f r o m  1 t o  5 GHz. Although the  s c a t t e r  is somewha t  l a r g e ,  t h e s e  va lues  a r e  
in r e a s o n a b l e  a g r e e m e n t  with des ign  expec ta t ions  f o r  d iodes  of th i s  a r e a .  
The  
8 T h e  a v e r a g e  r o o m  t e m p e r a t u r e  D"' is 0.  9 x 10 
The  s p e c t r a l  r e s p o n s e  c u r v e s  a r e  shown in 
J 
The  capac i t ance  
The 
4 5  
3 2  
4 .O 
A (microns) 
F i g u r e  19.  S p e c t r a l  Sens i t iv i t ies  of Multiplying InAs Diodes 
3 3  
- 
Unit 
- 
c 10 
c 12 
C 14 
C 15 
C 16 
C 17 
C 18 
C 19 
c 20 
c 2 1  
c 2 2  
C23 
C 24 
C 25 
C26 
C 27 - 
RS 
ohms) 
8 . 6  
8 . 8  
1 1 . 3  
15 .2  
1 8 . 6  
9 . 8  
1 7 . 9  
14 .6  
14 .9  
1 0 . 4  
1 7 . 2  
13. 2 
21. 8 
1 0 . 4  
18. 6 
33 .5  
-
- 
picofarads  
18 .9  
17. 7 
2 9 . 3  
13. 8 
9. 6 
1 4 . 4  
1 9 . 4  
9 . 8  
31. 1 
4 8 . 0  
25 .7  
7 . 1  
11 .7  
13. 3 
11 .6  
11.0 
f C 
( h e r t z )  
0 . 9 8  
1 . 0  
0 . 4 8  
0 . 7 6  
1. 1 
1 . 1  
0 . 4 6  
1 . 1  
0 . 3 4  
0.  32 
0.  36 
1 . 7  
0 .  62 
1 .2  
0 . 7 4  
0 . 4 3  
Table  1 
A r e a  
:cm2 10 -4)  
4 . 3  
2 . 4  
4 . 0  
5 . 1  
3 . 3  
3. 8 
4 . 3  
3 . 3  
2 . 8  
3 . 8  
1 0 . 5  
3 . 0  
7 . 3  
4 . 6  
6 . 8  
7 . 2  
D”’ ( a t  50 pa) 
(cm Hzz  wa t t -  l )  
1 
~~ 
8 1..4 x 10 
1 . 1  x 108 
9 . 2  107 
7 . 0 ~  10 6 
4 . 7  107 
7 . 5  l o 7  
1 . 4  x l o 8  
5 . 4  l o 7  
7 . 1  107 
1 . 5  x 108 
1 . 8  x l o 8  
4 . 1  l o 7  
DZ peak ( a t  50 pa 
( c m  Hzz wat t -  ’’ 
1 
9 3 . 3  x 10 
2 . 8  x 109 
1 . 1  109 
1 . 8  x l o 9  
3 .2  109 
8. 3 x l o 7  
1 .4  x l o 8  
7 . 8  x l o 7  
9 . 1  l o 7  
34 
SECTION 3 
CONCLUSIONS AND RECOMMENDATIONS 
The  theo re t i ca l  w o r k  p e r f o r m e d  dur ing  this  c o n t r a c t  on the influence 
of c u r r e n t  mult ipl icat ion in  avalanching diodes on diode bandwidth h a s  been  
publ ished.  ( l 6 )  Th i s  w o r k  ind ica tes  that  the r a t i o  of the e l e c t r o n  ionization 
coeff ic ient  (a) to the hole ionizat ion coefficient (p) is i m p o r t a n t  i n  d e t e r m i n -  
ing the effect  of mult ipl icat ion on bandwidth. If p/a = 1,  the diode bandwidth 
d e c r e a s e s  with mult ipl icat ion.  If p/a = 0 ,  the diode bandwidth is unaffected 
by mul t ip l ica t ion .  The  e x c e s s  c u r r e n t  noise  in  avalanching diodes a l s o  d e -  
pends c r i t i ca l ly  on the r a t i o  of the e l e c t r o n  ionization coefficient to the hole 
ionizat ion coeff ic ient .  If p/a = 0 ,  the s igna l  and noise  power a r e  mult ipl ied 
equal ly;  i f  p/a > 0 ,  the noise  power i s  mult ipl ied m o r e  rapidly than the s igna l  
power .  T h u s ,  when P/a > 0 ,  avalanche mult ipl icat ion r e s u l t s  in  a d e c r e a s e  
i n  diode bandwidth and i n  diode s igna l - to-noise  r a t i o .  
c a s e  a photodiode is r e c e i v e r  no ise- l imi ted  and h a s  e x c e s s  bandwidth,  su f -  
f ic ient  ava lanche  mult ipl icat ion to o v e r c o m e  the r e c e i v e r  noise  is useful ;  
mult ipl icat ion in  e x c e s s  of th i s  amount  is h a r m f u l .  
If i n  a p a r t i c u l a r  
It is  r e c o m m e n d e d  that f u r t h e r  m e a s u r e m e n t s  of e l e c t r o n  and  hole  
ionizat ion coeff ic ients  in  common  photodiode m a t e r i a l s  be unde r t aken .  
T h e s e  cons tan ts  a r e  wel l  known only in  s i l i con .  F u r t h e r  w o r k  is needed  in  
g e r m a n i u m ,  and espec ia l ly  in  111-V compounds ,  in  o r d e r  to  d e t e r m i n e  m o r e  
c l e a r l y  to what  ex ten t  bandwidth reduction and e x c e s s  noise  accompany  
ava lanche  mult ipl icat ion.  
The e x p e r i m e n t a l  e f for t  to obtain a guard-ring s t r u c t u r e  in  InAs during 
this  p r o g r a m  was  unsuccess fu l .  
cont inued,  i n  p a r t i c u l a r  s ince  be t t e r  diffusion techniques i n  111-V compounds 
a r e  now ava i lab le .  
and enhanced  mult ipl icat ion wil l  r e s u l t .  
m e n t  of the c rys t a l l i ne  per fec t ion  of the InAs s t a r t i n g  m a t e r i a l ,  through u s e  
of ep i t ax ia l  techniques should provide f u r t h e r  i m p r o v e m e n t  in  diode m u l t i -  
pl icat ion.  
I t  i s  r e c o m m e n d e d  tha t  t h e s e  s tud ie s  be 
I t  is believed that improved  diode r e v e r s e  c h a r a c t e r i s t i c s  
Following this  w o r k ,  the i m p r o v e  - 
The m e s a  type I d s  diodes made  du r ing  the c o u r s e  of this  w o r k  a r e  con-  
s i s t e n t  with the p r e s e n t  state of the a r t .  C u r r e n t  mult ipl icat ions of 10 w e r e  
obtained in  t h e s e  diodes a t  r e v e r s e  b iases  of 10 vol t s .  The  RC cutoffs of 
t h e s e  diodes a r e  between 0 .  3 and 1. 7 GHz .  T h e s e  cutoff f r equenc ie s  are  
c o n s i s t e n t  with the diode areas of 2 . 4  to 1 0 . 0  x c m 2 .  Photodiodes with 
3 5  
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R C  cutoffs to  a t  
ducing the diode 
to depend on the 
c h a r a c t e r i s t i c s  . 
Least 5 GHz c a n  be m a d e  using the s a m e  techniques by r e -  
a r e a .  Improvemen t  in  the c u r r e n t  mult ipl icat ion a p p e a r s  
deve lopment  of diodes with m o r e  un i fo rm breakdown 
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